Two competing theories address the influence of fetal testosterone on cerebral laterality: one proposing exposure to high fetal testosterone concentrations is related to atypical lateralisation (Geschwind-Galaburda hypothesis), the other that high fetal testosterone concentrations exaggerate typical lateralisation (callosal hypothesis). The current study examined the relationship between cord testosterone concentrations and cerebral laterality for language and spatial memory in adulthood. Male participants with high (>0.15nmol) and low (<0.10nmol) cord testosterone levels were invited to take part in the study (n=18 in each group). Cerebral laterality was measured using functional Transcranial Doppler Ultrasonography, while participants completed word generation and visual short-term memory tasks. Typical left lateralisation of language was more common in the hightestosterone group than in the low-testosterone group, χ 2 = 4.50, df = 1, p =.034. Spatial memory laterality was unrelated to cord testosterone level. Our findings indicate that fetal testosterone exposure is related to language laterality in a direction that supports the callosal hypothesis.
Introduction
Functional hemispheric differences for language and visuospatial processes have been widely replicated in neuropsychology. Typically, the most crucial areas involved in language production are found in the left hemisphere, while the right hemisphere is more specialised for visuospatial functions ). However, substantial variability between people has been identified. One suggested mechanism that may underlie variations in hemispheric asymmetry is exposure to differing concentrations of prenatal testosterone (Geschwind and Galaburda, 1987; Witelson, 1991; Witelson and Nowakowski, 1991) .
Two prominent theories address the influence of fetal testosterone exposure on cerebral lateralisation. Geschwind and Galaburda (1987) proposed exposure to higher levels of fetal testosterone during critical periods of prenatal neurodevelopment shifts development of structures subserving certain functions, such as language, predominantly to the right hemisphere. They further suggest that the influence of prenatal testosterone exposure on lefthemisphere growth retardation would be more apparent in men. A second theory, the callosal hypothesis put forward by Witelson and colleagues (Witelson, 1991; Witelson and Nowakowski, 1991) , suggests that, in men, higher concentrations of fetal testosterone increases axonal pruning in the corpus callosum, which leads to a more pronounced typical lateralisation of functions.
Studies examining the two competing theories have revealed mixed findings.
Accurate measurement of fetal testosterone exposure presents a methodological challenge, and studies have typically used proxy measures. A commonly used indicator of fetal testosterone exposure is the second-to-fourth digit (2D:4D) ratio, where low 2D:4D ratio is suggestive of high fetal testosterone exposure (Manning, 2002) . Kallai et al. (2005) found that low 2D:4D ratio was associated with decreased right posterior hippocampus volume and larger right middle hippocampus volume in 40 healthy female adults. These findings suggest levels of prenatal testosterone are related to development of laterality in sub-cortical regions. Bourne and Gray (2009) found lower 2D:4D digit ratios were associated with stronger right hemisphere lateralisation for visuospatial attention in a sample of 77 women. Similarly, a recently conducted fMRI study found a significant negative correlation between digit ratio and extent of functional visuospatial laterality (Kalmady et al., 2013) . These studies suggest that higher prenatal testosterone exposure is associated with increased right hemisphere activation for visuospatial function. However, there is some doubt as to whether 2D:4D ratio is a reliable proxy measure for prenatal testosterone exposure, since the ratio has not shown a Cord Testosterone and Cerebral Laterality 4 consistent relationship to more direct measures of prenatal testosterone (Dean and Sharpe, 2013; Hickey et al., 2010; Knickmeyer et al., 2011) .
A few published studies have utilised a more direct measure of prenatal testosterone exposure through sampling amniotic fluid during the second trimester. In two studies (Grimshaw et al., 1995; Lust et al., 2010) , cerebral lateralisation of offspring was measured using a dichotic listening task, which involves simultaneous presentation of different auditory stimuli to both ears. It is argued that participants with a right ear advantage (i.e. selecting the stimulus presented to the right ear more often than the one presented to the left ear) have left hemisphere dominance for language, and vice versa for a left ear advantage (Kimura, 1961) .
Both studies found an association between higher levels of testosterone in amniotic fluid and increased left hemisphere dominance for language, providing support for the callosal hypothesis (Grimshaw, et al., 1995; Lust, et al., 2010) . However, neuroimaging studies have provided contradictory evidence. In support of the Geschwind and Galaburda hypothesis, amniotic testosterone concentrations have been shown to correlate positively with increasing rightward asymmetry of the isthmus (Chura et al., 2010) . Mercure et al. (2009) measured functional lateralisation for perception of words and faces using event related potentials (ERPs) in 26 typically developing school-aged boys. No relationship was observed between amniotic testosterone levels and indices of cerebral lateralisation. While sampling amniotic fluid is a more direct measure than the 2D:4D ratio of the prenatal hormone environment, a limitation of this approach is that amniocenteses are performed only in high risk pregnancies and therefore research samples are unlikely to be representative of broader populations.
Recently, a new approach to sampling fetal testosterone has emerged through measurements of umbilical cord serum, which allow for larger and more representative sampling of pregnancies. Higher concentrations of cord testosterone have been associated with reduced vocabulary in boys at 2 and 5 years of age (Farrant et al., 2013; Hollier et al., 2013) , increased risk of language delay in early childhood , and reduced spatial ability in 6 year old girls (Jacklin et al., 1988) . Umbilical cord blood can be easily collected from uncomplicated pregnancies following delivery, and so sex steroid concentrations reflect levels in fetal circulation at late gestation . Most studies report that cord testosterone concentrations are consistently higher in males compared to females (Herruzo et al., 1993; Keelan, et al., 2012; Maccoby et al., 1979; Troisi et al., 2003) . The main limitation of this approach is that cord hormone concentrations may not reflect those earlier in gestation, particularly during critical periods of fetal neurodevelopment (Cohen-Bendahan et al., 2005) . However, there is increasing recognition from experimental Cord Testosterone and Cerebral Laterality 5 studies, that effects of prenatal hormones on the development of neural regions are not restricted to the first two trimesters, and that final trimester levels may also play a role in neurodevelopment (Roselli et al., 2011; Zambrano et al., 2014) .
Present Study
The current study examined the relationship between fetal testosterone and cerebral laterality in males, utilising umbilical cord blood collected at birth and a functional neuroimaging measure in early adulthood. Participants were drawn from a large populationbased pregnancy-cohort study and subjects were selected based on having low-or highconcentrations of testosterone measured from cord blood. Cerebral laterality was measured using functional Transcranial Doppler (fTCD), which uses ultrasound to measure eventrelated changes in blood-flow velocity in the middle cerebral arteries. fTCD is based on the premise that increases in neural activity leads to greater glucose and oxygen consumption that must be replenished via enhanced blood flow to the area (Lohmann et al., 2006) . This method gives high correlations with existing 'gold standard' measures of cerebral lateralisation, such as the Wada technique (Knecht et al., 1998) and fMRI (Deppe et al., 2000) .
Based on the Geschwind and Galaburda hypothesis it is predicted that high testosterone levels would be associated with less left hemisphere activation for language production and increased right hemisphere activation for visuospatial memory. Conversely, if the findings support the callosal hypothesis we would expect high testosterone levels to be associated with increased left hemisphere activation for language production and increased right hemisphere activation for visuospatial memory.
Method

Participants
Volunteers from the Western Australian Pregnancy Cohort (Raine) Study participated in the current study. Between May 1989 and November 1991, 2900 pregnant women were recruited from King Edward Memorial Hospital or nearby private practices. Eight-hundred and fifty-nine children (430 male; 429 female) had umbilical cord serum collected at birth.
Right-handed male participants were selectively recruited to take part in the study based on the cord testosterone concentrations. In order to create high and low cord testosterone groups, recruitment commenced at the extreme ends of the cord testosterone spectrum and worked Cord Testosterone and Cerebral Laterality 6 towards the median. A total of 36 participants (18 high testosterone, 18 low testosterone) agreed to complete the psychometric and neuroimaging testing. Participants in the low testosterone group had cord testosterone levels less than 0.10 nmol/L, while those in the high testosterone group had levels greater than 0.15 nmol/L (Table 1) .
Procedure
Immediately after delivery, mixed umbilical arterial-venous cord blood was collected, allowed to clot and serum was frozen at -80C. Serum was stored without thawing until the initial investigation as described by Keelan et al. (2012) . Studies of steroid stability during long term storage confirm that serum samples can be stored for at least four decades at -80C without loss or appreciable deterioration of steroid hormones (Bolelli et al., 1995; Stroud et al., 2007) . Cord serum samples were thawed, aliquotted and shipped from Perth to South
Australia for liquid chromatography-tandem mass spectrometry analysis (CPR Pharma Services Pty Ltd, Thebarton, SA).
Psychometric and fTCD testing was conducted when the participants were between 21
and 23 years of age. Participants were tested individually at a laboratory at the University of Western Australia. While fitted with the fTCD, the participants completed two experimental computer tasks, each running for approximately 20 minutes. The order of task presentation was counterbalanced, so that roughly half of the participants in each group received the word generation task followed by the spatial memory task, while the remainder were administered the tasks in the reverse order. Following the fTCD recording participants completed the psychometric tests, which took approximately 30 minutes.
Testosterone Analysis
Ten randomly selected cord-blood samples confirmed the absence of detectable maternal contamination . Assay performance was determined to be unaffected by up to three freeze-thaw cycles or 24 h at room temperature. Steroid analysis was performed blind to sample identity or characteristics. Total testosterone was measured by liquid chromatography-tandem mass spectrometry after solvent extraction as described by Keelan et al. (2012) . Limit of quantitation was 0.025ng/ml (0.08nmol/L). Inter-batch imprecision was 6-11% (n = 24); recovery from cord serum was 93-98%. Sex hormone binding globulin was measured by ELISA using a commercial kit (IBL International, Hamburg, Germany). BioT, representing the fraction of total testosterone either free (unsequestered by SHBG) or bound to serum albumin, was calculated by summing the Cord Testosterone and Cerebral Laterality 7 concentrations of free testosterone and albumin-bound testosterone .
Albumin levels were adjusted using published reference values to account for the decrease in serum albumin concentrations with gestational age (Zlotkin and Casselman, 1987) .
Psychometric Tests
The Test for Reception of Grammar (TROG; Bishop, 2003) to choose from a multi-choice array the item that best completes the pattern. Block Design requires participants to rearrange a specific number of blocks to replicate a dual-coloured design, shown to them in a printed two-dimensional format, in a specified time limit. Matrix
Reasoning and Block Design scores can be standardized and used to calculate a performance intelligence quotient (PIQ) score for a population mean of 100 and standard deviation of 15.
Apparatus
A functional Transcranial Doppler ultrasonography device (fTCD; DWL Multidop T2:
manufacturer, DWL Elektronische Systeme, Singen, Germany) was used to measure changes in blood-flow velocity through the right and left middle cerebral arteries (MCAs).
Lateralisation of specific cognitive functions can be determined by comparing the evenrelated changes in blood flow velocity through the two MCAs. Participants were fitted with a flexible headset that held 2-MHz transducer probes that were placed over the two temporal skull windows. The experimental tasks were presented on a Phillips desktop computer and controlled by Presentation software (Neurobehavioural Systems), which sent markers to the Multidop system to denote the start of each epoch.
Experimental Tasks
A word generation paradigm was used to measure hemispheric lateralisation for language ). Participants were briefly cued to attend to the computer screen Cord Testosterone and Cerebral Laterality 8 and after 5 s a letter from the alphabet appeared printed centrally on the screen. Upon presentation of the letter, participants were asked to silently generate as many words that they could think of that began with that letter. After 15 s participants were instructed on screen, to say out loud all the words they thought of during the silent generation period. Participants completed a total of 23 trials, using all letters of the alphabet except Q, X and Z.
A second task developed by ) was used to assess participants' lateralisation for visuospatial memory. Each trial displayed 17 white and 9 red circles, each 5 cm in diameter, which were evenly distributed across a black background, but not aligned in rows or columns (and therefore not conducive to verbal encoding). The red circles were scattered randomly across the screen and participants were asked to memorise their location.
Participants were cued to attend to the computer screen, where the circles remained for 5 s and then disappeared, leaving a black screen for a period of 10 s. Following this a tone sounded, and the circle array appeared again. In half of the 20 trials, the locations of one red and one white circle were swapped. Participants were asked to indicate whether the red circles were the same or different as those that appeared in the initial screen by raising the index finger on their left or right hand, respectively. The same sequence of trials was used for all participants.
Laterality Index
The fTCD data were analysed offline using the dopOSCCI software (Badcock, Holt, et al., 2012) . The blood flow envelope from each probe was down-sampled at a rate of 100Hz.
Following ), epochs were set to begin 12 s before the cueing tone in both tasks, and to end at 40 s for the word generation task and 35 s for the spatial memory task. Following an artefact rejection procedure, where epochs with unusually high or low levels of activity were removed from the data, the accepted time-locked epochs were averaged. A baseline value was calculated as the mean velocity in the 10 s pre-cueing interval.
A laterality index (LI) was calculated by first computing the difference in the change of blood flow velocity between the left and right hemispheres during the predefined periods of greatest activation. In line with Whitehouse and Bishop (2009) these periods were defined as the silent generation phase of the word generation task (8 -18 s after the start of each trial) and the recognition phase of the spatial memory task (22 -32 s after the start of each trail).
The LI was calculated as the mean blood flow velocity difference in a 2 s window centred on the peak value during these periods of greatest activation 
Statistical Analysis
Independent samples t-tests were used to (a) examine whether the participants in the high and low testosterone groups were significantly different in their chronological age, psychometric scores and BioT concentrations, (b) to confirm that the number of epochs accepted on the word generation and spatial memory paradigms did not differ significantly for the two groups, and (c) to compare the word generation and visuospatial memory LIs for these two groups. To further examine the relationship between laterality and testosterone level, participants with a positive LI were classified as left lateralised and those with a negative LI as right lateralised. A chi-square analysis was used to test for a significant difference in the frequency of right or left lateralisation as a function of testosterone level.
Results
Table 1 presents data on the chronological age, BioT concentrations and psychometric scores of participants in the two groups. Independent samples t-tests showed no significant differences between the two groups for chronological age, WASI PIQ or TROG scores. As expected based on group selection criteria, there was a statistically significant difference in
BioT concentrations (cohen's d = 3.21).
Analysis then turned to the data obtained through fTCD. There were no significant differences between the high and low testosterone groups for the number of epochs accepted and right lateralisation (a negative LI). Chi-square analysis revealed that right hemisphere language lateralisation was more likely for individuals from the low testosterone group (11%) than those from the high testosterone group (0%): χ 2 = 4.50, df = 1, p = .03. There was no significant difference in the frequencies of left and right lateralisation for visuospatial memory as a function of testosterone level: χ 2 = .36, df = 1, p = .55.
Discussion
We found that a significantly higher proportion of participants with low umbilical testosterone levels exhibited atypical lateralisation for language than those with high umbilical testosterone. This finding is in line with the callosal hypothesis, which proposes that higher levels of fetal testosterone increase axonal pruning in the corpus callosum, resulting in more pronounced typical lateralisation (Witelson, 1991) . The current finding is consistent with results reported by both Lust et al. (2010) and Grimshaw et al. (1995) who found that higher levels of amniotic fluid testosterone were associated with increased left hemisphere dominance for language. However, it is important to note that the relationship between umbilical testosterone levels and language lateralisation was only apparent when participants were examined as either left or right lateralised. No significant relationship was observed when examining language lateralisation as a continuous variable. It may be possible that in a typically developing population there is not a high enough incidence of atypically lateralised individuals to find a significant relationship when examining the spectrum of laterality. Indeed, there were only four individuals in our sample with atypical language lateralisation (11%), although this is within the range reported by other studies (Bishop, 1990; Deppe, et al., 2000; Flöel et al., 2005; Flöel et al., 2001; ).
Further, due to the relatively small sample size of the current study, the results should be interpreted with caution and require replication. Despite the sample size and the reduction in power through the use of a dichotomous variable, it is important to explore the possibility that these findings are a true reflection of the underlying biology and that increased levels of fetal testosterone lead to a more pronounced left-hemisphere lateralisation for language.
Only one other investigation has examined the relationship between fetal testosterone and language lateralisation using direct measures similar to those used in the current study.
Cord Testosterone and Cerebral Laterality 11 Mercure et al. (2009) found no relationship between amniotic fluid testosterone levels and an ERP index of language lateralisation in typically developing boys, which is in contrast with the current study. However, one major difference between Mercure et al. (2009) and the current study is that we selectively recruited participants based on their fetal testosterone level. It is possible that for typically developing individuals, differences in lateralisation are more apparent when examining the extreme ends of the fetal testosterone spectrum.
No statistically significant difference was found between the high and low umbilical testosterone groups for visuospatial memory lateralisation. To date relatively little research has examined the relationship between fetal testosterone exposure and visuospatial lateralisation. The few studies that have examined this relationship have used indirect measurements. For example, Bourne and Gray (2009) and Kalmady et al. (2013) both found that a low digit ratio was associated with increased right hemisphere activation for visuospatial functions. However, the digit ratio is an approximation of fetal testosterone levels and has not shown a consistent relationship to more direct measures of fetal testosterone, such as concentrations from amniotic fluid (Dean and Sharpe, 2013; Knickmeyer, et al., 2011) . While we argue that the use of cord blood provides a more direct measurement of fetal testosterone concentrations, further research into the relationship between fetal testosterone exposure and visuospatial laterality is warranted before firm conclusions can be drawn.
We found no significant relationship between either of the cognitive measures (WASI PIQ or TROG) and the LIs for either word generation or visuospatial memory. This finding is consistent with previous literature that has found no relationship between performance on word generation and visuospatial tasks and LIs measured using fTCD (Badcock, Nye, et al., 2012; Dräger and Knecht, 2002; Flöel, et al., 2001; Groen et al., 2011) . Unfortunately, for the current study we did not record performance for either task during the fTCD recording and so we could not directly examine the relationship between task performance and LI.
Nevertheless, the previous fTCD research and the non-significant correlations of LIs with the cognitive measures in the present study indicate that there may be no relationship between task performance and cerebral laterality.
Although the use of umbilical cord blood to approximate levels of fetal testosterone allows for the non-invasive collection of representative participant samples, the main criticism of this approach is that testosterone levels measured at birth may not be representative of levels earlier in gestation (Cohen-Bendahan, et al., 2005) . However, there is emerging evidence that neural regions subserving language function undergo growth during Cord Testosterone and Cerebral Laterality 12 the third prenatal trimester (Quarello et al., 2008) . Hence cord blood samples, in providing assessment of testosterone levels during the third trimester, allow unique insight into the possible effects of testosterone on late development of neural language centres. In addition, the current study's findings are supported by the Lust et al. (2010) and Grimshaw et al. (1995) studies, both of which used amniotic fluid sampled earlier in gestation. Currently there is no gold standard approach to the accurate measurement of fetal testosterone exposure during the critical periods of fetal brain development. The measurement of circulating fetal testosterone would require an invasive procedure, which would confer significant risk to the pregnancy.
Both the current study and Mercure et al. (2009) , the only two studies to use relatively direct measures of lateralisation and fetal testosterone, have examined typically developing males. As yet the relationships between lateralisation of language or visuospatial functions and fetal hormone levels among typically developing females are unclear. Research in this area has typically focused on females with congenital adrenal hyperplasia (CAH). CAH is a genetic condition that is characterized by impairment of the enzyme that leads to cortisol biosynthesis, which results in an in utero pattern of adrenal cortisol deficiency and excess testosterone production (Mueller et al., 2008) , present as early as week five of gestation (Mathews et al., 2004) . Female fetuses with CAH are exposed to significantly higher concentrations of testosterone than is the case for normal pregnancies (Merke and Bornstein, 2005) and therefore provide an opportunity to examine the postnatal effects of exposure to varying levels of fetal testosterone. Three studies using dichotic listening to index lateralisation found no significant difference in cerebral laterality between girls with CAH and control participants (Helleday et al., 1994; Kelso et al., 2000; Mathews, et al., 2004) . It is possible that more direct measurement of cerebral asymmetries, such as with fMRI or fTCD, may show a significant difference between girls with CAH and typically developing girls.
Further research is required to investigate the relationship between fetal testosterone exposure and cerebral laterality in females.
In conclusion, the current study found a link between low levels of testosterone in cord blood and atypical language lateralisation in typically developing males, which provides evidence in favour of the callosal hypothesis of cerebral asymmetry. No relationship was found between cord testosterone levels and visuospatial laterality, indicating that late gestational testosterone exposure may not be related to the development of spatial lateralisation.
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